Lipoapoptosis has been described in many organs and tissues, but never in enterocytes. We hypothesized that a high saturatedfat diet can induce duodenal enterocyte apoptosis and impair gastric inhibitory polypeptide (GIP) secretion. Forty male Wistar rats, B4 months old, were randomized on standard laboratory or purified tripalmitin-based high-fat diet (59% calories). An oralglucose tolerance test was performed after 30 and 90 days of diet to measure plasma glucose, insulin and GIP. Duodena were processed for histology and immunohistochemistry by transferase-mediated dUTP nick end-labeling (TUNEL) method. Apoptosis was confirmed by enzyme-linked immunosorbent assay. Glycemic response was significantly higher (Po0.01 vs controls) in rats after 90 days. Insulin curve was markedly increased at 30 days, while it was blunted at 90 days. GIP area under the curve was 425.6 ± 67.6 ng ml À1 at 30 days vs 150.2 ± 33.4 ng ml À1 in controls (Po0.001) and dropped to 53.8 ± 25.8 ng ml À1 at 90 days (Po0.0001). TUNEL-positive nuclei were 66.08 ± 26.19 at 30 days 57 (34.58 ± 17 in controls, Po0.05) and 216.99 ± 129.42 nuclei per mm 3 at 90 days (38.75 ± 18.36 in controls, Po0.0001). A high saturated-fat diet stimulates GIP secretion but with time induces apoptosis of duodenal villi epithelium, showing for the first time that enterocytes are also prone to lipoapoptosis. The reduction of circulating GIP levels might contribute to hypoinsulinemia and hyperglycemia.
Introduction
Accumulation of lipids in lean tissues results in organ damage; fatty liver, lipid cardiomyopathy, type 2 diabetes mellitus and insulin resistance being the most known manifestations. Lipid-induced dysfunction in the lean tissues is known as lipotoxicity, 1 and it can lead to lipid-induced programmed cell death or lipoapoptosis. 1 Although it is well ascertained that lipoapoptosis is a major contributor of dysfunction in some cell types, the effects of a high-fat diet (HFD) on the intestinal mucosa are presently unknown.
The mucosa of the small intestine is disseminated by endocrine cells, which play a central role in incretin secretion linking the nutrient absorption with insulin secretion. The gastric inhibitory polypeptide (GIP) is released principally in the mid jejunum, whereas glucagon-like peptide-1 (GLP-1) in the ileum from the same enteroendocrine cells, as recently shown by using double immunohistochemistry and in situ hybridization. 2 Mice lacking GIP 3 receptors exhibit impaired first-phase glucose-stimulated insulin release. The major secretory stimuli for GIP secretion are glucose, 4 some amino acids 5 and fat. 6 In particular, 1 g per kg body weight palmitate administration in dog remarkably increases plasma GIP concentration that remains elevated for hours. Free fatty acids (FFA) potentiate b-cell insulin secretion, but in the long run they allow b-cell insulin secretion impairment, ultimately inducing apoptosis. 8 We hypothesize that, similarly to what happens during a diet rich in saturated fat, intestinal chronic exposure to saturated FFA can induce apoptosis of the enterocytes and impair GIP secretion with worsening of insulin secretion and consequently hyperglycemia.
Aim of the present study was to investigate the effect of tripalmitin-enriched diet on enterocyte apoptosis as well as on GIP and insulin secretion in rats.
Methods

Experimental animals
Male Wistar rats obtained from an in-house breeding colony were randomized at B4 months of age into four groups; two groups received a control diet (3.2% fat whose 1.3% tripalmitin) ad libitum and the other two a purified tripalmitin-based HFD ad libitum. Both diets (Rieper AG SpA, Bolzano, Italy) contained corn oil (1.9/100 g diet) to prevent essential fatty acid deficiency. The animals were killed at 30 and 90 days after the beginning of either control or HFD.
The HFD supplied 59% of the calories as fat and 20% as carbohydrate comprised of cornstarch and sucrose (2:1 w/w). The control diet provided 10% of the calories as fat and 65% as carbohydrates. The control or HFDs were continued for 90 days. Groups of 10 animals, fed with control or HFD, underwent an oral glucose tolerance test 30 and 90 days after the beginning of the diet. All animals had free access to water and were subjected to controlled temperature (22 ± 1 1C) and lighting (lights on 0600-1800). After oralglucose tolerance test (OGTT), the animals were killed with an overdose of urethane.
The experimental procedures performed were approved by the Catholic University Animal Experimentation Ethics Committee and were in accordance with European guidelines for the use of animals in research.
OGTT. OGTT was performed on animals from both groups after a 6-h fasting started at 0600. Animals were given 2 g glucose per kg body weight with an oral canula. After local anesthetization with lidocaine, blood samples added with aprotinin were collected from the tail vein into heparinized tubes 5 min before (time 0) and 15, 20, 30, 60 and 120 min after the glucose load.
After centrifugation, plasma was divided into appropriate aliquots and stored at À20 1C until analysis.
Analytical methods. Plasma glucose levels were analyzed by the glucose-oxidase method (Glucose Analyzer II; Beckman, Fullerton, USA). Plasma insulin was measured by radioimmunoassay (Linco Research, St Charles, MO, USA).
GIP was measured by the rat/mouse total GIP ELISA kit (Linco Research; intra-assay 2.5±2.1% coefficient of variation (CV) and inter-assay 3.6 ± 2.0% CV).
TUNEL and nuclear condensation. The 4% paraformaldehyde-fixed sections (5 mm) were deparaffinized and rehydrated. The tissue was permeabilized with 20 mg ml ELISA for apoptosis. DNA ladder assay was performed according to Yasuhara et al. 10 In brief, 10 duodenum cryosections, 20 mm thick, were solubilized in 200 ml of lysis buffer (0.1% Triton X-100, 5 mM Tris-HCl (pH 8.0), 20 mM ethylene glycol tetraacetic acid, 20 mM EDTA). Then, polyethylene glycol 8000 and NaCl were added to a final concentration of 2.5% and 1 M, respectively. Samples were centrifuged at 16 000 g for 10 min at 4 1C. Protein concentration of supernatant was determined by the method of Bradford and adjusted to 0.01 mg ml
À1
. Cell death enzymelinked immunosorbent assay (ELISA) analysis was performed according to manufacturer's instructions(Boehringer Mannheim). After incubation, the plates were analyzed with a multiwell ELISA reader.
Statistical analysis
Values were expressed as mean±s.e.m. The area under the curve (AUC) was obtained by the trapezoidal route. Bonferronicorrected, paired and unpaired two-tailed t-tests were used for intra-and inter-group comparisons, respectively.
Results
Body weight changes
Rat weight at the beginning of the experiment was 240.9 ± 5.7 g in the control group and 243.5 ± 4.5 g in the High-fat diet induces enterocyte apoptosis in rats D Gniuli et al High-fat diet induces enterocyte apoptosis in rats D Gniuli et al HFD group and increased to 365.8±6.4 and 426.1±25.2 g, respectively at the end of the study (90 days). The weight gain was significantly (Po0.05) higher in the HFD group.
OGTT
Following the 30 or 90 days feeding period, rats in both control and HFD groups were challenged with an OGTT and blood glucose, insulin and GIP were monitored over the following 2 h. The results are summarized in Table 1 .
Apoptosis
A modest increase of apoptosis in the duodenal villi epithelium was detected after 30 days of HFD, while an enormous increase in the number of TUNEL-positive nuclei was observed after 90 days. Higher magnification of Hoechststained duodenal sections revealed intensely fluorescent nuclei, which is indicative of chromatin condensation, corresponding to the TUNEL-positive nuclei (Figure 1 ). Evidence for apoptosis was also confirmed by detection of fragmented DNA by ELISA, where we found a progressive increased optical density in the HFD rats compared with controls (178.4 ± 10.4 at 30 days and 535.2 ± 37.8% of controls at 60 days; data are optical density at 405 nm wavelength).
Discussion
The major findings of this investigation are that (i) A high saturated-fat diet increases apoptosis in rat duodenal villi enterocytes in a time-dependent manner, with more than fivefold apoptosis than in controls after 90 days of diet; (ii) Saturated fat intake initially stimulates glucosemediated GIP secretion, which in turn increases insulin secretion, but 3 months of HFD significantly reduces GIP, likely as a consequence of enterocyte apoptosis, and insulin secretion with a corresponding rise in plasma glucose levels.
At least to our knowledge, this is the first report showing the proapoptotic effect of dietary saturated fats on the epithelium of duodenal villi. Taking into account the relatively short rat lifespan, the apoptosis is largely worsened by two further HFD months. Thus, while GIP secretion was initially stimulated by the HFD, it is successively impaired and insulin secretion is reduced. In particular, it is the early response to OGTT, which is blunted and delayed. In agreement with our findings, there is a previous evidence that acute disruption of GIP action in mice, obtained by injection of antisera against an extracellular epitope of the GIP receptor, delays the insulin response to oral glucose and thereby increases plasma glucose excursion. 11 In fact, GIP receptors are present on rat pancreatic b-cells where GIP is insulinotropic. 12 The increased secretion of GIP stimulates insulin secretion, but circulating levels of glucose result unchanged likely as a consequence of lipid-induced tissue insulin resistance. With the time, the damage of the duodenal epithelium results in an impaired GIP secretion, which turns into a reduced insulin secretion with consequent hyperglycemia.
A limitation of our study is that the morphology of pancreatic b-cells has not been investigated. However, in the light of the large body of already available literature, it seems to be reasonable that the reduction of insulin secretion in the long run might be attributable in large part to b-cell lipoapoptosis, although the significant reduction of the first peak of insulin might be a consequence of GIP-blunted response to the oral glucose load.
In conclusion, a high saturated-fat diet stimulates GIP secretion and insulin secretion, but with the time it induces apoptosis of epithelial cells in the duodenal villi. Similar to what has been found in other organs and tissues, the small intestine is also prone to lipoapoptosis.
